+ intestinal stem cells (ISCs) can be expanded in vitro into epithelial organoids or "mini-guts", self-organizing cellular structures that recreate the intestinal differentiation program; Paneth cells, which constitute the intestinal stem cell niche, secrete stem cell growth signals, and are thus essential for this process. In a recent paper published in Nature, Rodríguez-Colman et al. describe how Paneth cells may be supporting the metabolic state of ISCs.
results in organoids or "mini-guts", self-organizing cellular structures that recreate the intestinal crypt-villus architecture and differentiation program. While the outgrowth efficiency of single Lgr5 + CBCs is quite low, when plated together with Paneth cells, their outgrowth efficiency increases by 10-fold [2] . Thus, the organoid system provides a valuable in vitro system for the study of Paneth cell-CBC interactions and interdependencies.
In a paper recently published in Nature, Rodríguez-Colman and colleagues used this in vitro intestinal organoid system to elucidate the metabolic interactions between Paneth cells and CBCs [3] . Through metabolite profiling of Lgr5 + CBCs and Paneth cells isolated from the small intestines of mice, the authors found that these cell populations show distinct metabolic profiles. While the metabolite content of Paneth cells was consistent with a primarily glycolytic metabolic program, that of CBCs was consistent with an oxidative metabolic program. Mitochondria are the cellular site of oxidative metabolism and the authors convincingly show that CBCs have more mitochondria than Paneth cells and are more sensitive to inhibitors of oxidative metabolism ( Figure 1B) .
The observation that the post-mitotic Paneth cells, but not the highly proliferative CBCs, display features of high glycolytic flux may initially seem counterintuitive. Many proliferative cell types including activated lymphocytes, progenitor cells in the developing retina, cells of the preimplantation stage embryo [4] , and tumor cells are highly glycolytic [5] . The correlation between high glycolytic activity and proliferation has been attributed to the increased demand for anabolic metabolism -the biosynthesis of macromoleculeswhich can be supported, in part, by increased levels of glycolytic intermediates that can be used in a number of biosynthetic reactions [5] . In light of this, the primarily glycolytic program of Paneth cells is consistent with the fact that these cells produce and secrete a notable number of signaling molecules [6] and therefore experience a high metabolic demand for the biosynthesis of these molecules.
Likewise, the observation that CBCs have an increased dependence on oxidative metabolism may seem counter to the data from studies that have shown reduced oxidative capacity in embryonic stem cells, long-term hematopoietic stem cells, mesenchymal stem cells, and hepatic stem cells [4] . However, some cancer stem cell populations have been shown to be dependent on oxidative and mitochondrial metabolism. Subpopulations of pancreatic cancer [7] , breast cancer [8] , melanoma [9] , and colorectal cancer [7] have been shown to be preferentially sensitive to drugs such as metformin and oligomycin, which selectively inhibit or perturb oxidative metabolism.
It is possible that dependence on oxidative metabolism buffers CBCs from a variable state of nutrient availability, which can fluctuate between high availability and scarcity. This hypothesis is consistent with data from Rodriguez-Colman et al. showing that lactate excreted from glycolytic Paneth cells can be used as a fuel source by the more oxidative CBCs ( Figure 1B ). This would suggest that Paneth cells are more sensitive to environmental fluctuations in nutrient availability and might therefore provide signaling cues to CBCs that can induce an adaptation appropriate to the current nutritional state.
This kind of metabolic interdependence is consistent with the previously elucidated response of Paneth cells and CBCs to caloric restriction [10] . Under conditions of caloric restriction in mice, the intestinal villi shorten and contain fewer differentiated absorptive cells, enterocytes. In contrast, under these conditions, the stem cell compartment expands to contain increased numbers of Paneth cells and CBCs. This Paneth cell-CBC expansion is mediated through decreased activity of the mammalian target of rapamycin complex 1 (mTORC1) in Paneth cells and the consequent Paneth cell release of the paracrine effector, cyclic ADP ribose (cADPR), which promotes CBC proliferation.
Paradoxically, under conditions of excessive nutrients as is the case for mice fed a long-term high-fat diet (HFD, a diet consisting of 60% fat), the number of CBCs also increased but the number of Paneth cells decreased [11] . In this case, CBCs isolated from HFDfed mice were independent of Paneth cells for outgrowth in organoid cultures. The effect of HFD on CBCs was shown to be mediated, in part, by fatty acid-induced activation of a PPAR-δ transcriptional program, which led to activation of the Wnt/β-catenin pathway in CBCs. While active Wnt signaling in response to HFD can account for the reduced dependency of CBCs on Paneth cells, the question remains as to whether the HFD-induced PPAR-δ transcriptional program in CBCs also changes the metabolic profile of these cells. Given the metabolic interdependence of CBCs and Paneth cells described by Rodriguez-Colman et al., it would be informative to investigate how the metabolite profiles of Paneth cells and CBCs change in response to both caloric restriction and HFD.
Finally, Rodriguez-Colman et al. show that oxidative metabolism in CBCs and the consequent reactive oxygen species (ROS)-induced signaling in these cells drive their differentiation.
The relationship between ROS and stem cell differentiation has been shown in other systems [12] , and this provides an example of how metabolism, cell signaling, and gene expression regulation are inextricably linked.
In their study, Rodriguez-Colman et al. show that Paneth cells fuel ISCs not only through growth factor signaling but also by providing them with a metabolic fuel source. By identifying the distinct metabolic programs and therefore potential dependencies of Paneth cells and CBCs, this study highlights how the metabolic demands of any cell are unique to their cellular context and function. In the future, it will be important to understand how the metabolic profiles of these cell types change in response to different organismal stresses and how these responses might be manipulated to promote regeneration, decrease tissue damage, or to prevent tumorigenesis. 
